The intersection of topology and magnetism represents a new playground to discover novel quantum phenomena and device concepts. In this work, we show that a van der Waals compound MnSb 1.8 Bi 0.2 Te 4 exhibits a ferromagnetic ground state with a Curie temperature of 26 K, in contrast to the antiferromagnetic order previously found for other members of the Mn(Sb, Bi) 2 Te 4 family. We employ magneto-transport, bulk magnetization and neutron scattering studies to illustrate the magnetic and electrical properties of MnSb 1.8 Bi 0.2 Te 4 and report on the observation of an unusual anomalous Hall effect. Our results are an important step in the synthesis and understanding of ferromagnetic topological insulators.
natural platform to explore magnetic anisotropy and interface effect, with the added benefit of electric field control for potential device applications [15] [16] [17] [18] [19] [20] .
Recent research activities have identified a promising vdW magnetic compound family, Mn(Bi, Sb) 2 Te 4 with the potential for realizing the QAHE above dilution temperatures [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . Mn(Bi, Sb) 2 Te 4 can be regarded as consisting of a Mn-Te layer inserted into the quintuple layer of (Bi , Sb) 2 Te 3 (Fig.  1(a) ). Here ordered Mn layers creates magnetism ideally without introducing disorder. Ferromagnetic coupling between adjacent Mn layers would lead to the QAHE, however in the most studied compound of the family, MnBi 2 Te 4 , A-type antiferromagnetism (AFM) dominates the interlayer Mn coupling [21] [22] [23] 30, 31, [33] [34] [35] . Theoretically only odd-layered flakes are expected to exhibit the QAHE [24, 25, [27] [28] [29] . Measurements on such samples, however, show that conductance quantization only occurs at external field of several Tesla [24] . The realization of the QAHE at zero magnetic field remains an ongoing pursuit.
We show here that an Sb-rich composition of the family, MnSb 1.8 Bi 0.2 Te 4 , can be stabilized into a FM phase with a Curie temperature of T C = 26 K. We present transport, magnetometry and neutron diffraction measurements that illustrate the properties of this FM state. Our sample also exhibits an unconventional anomalous Hall effect. These findings open up new possibilities of engineering magnetic and topological structures and devices in this vdW ferromagnet.
Crystals of MnSb 1.8 Bi 0.2 Te 4 and MnSb 2 Te 4 used for comparison are synthesized by a flux method. X-ray diffraction and scanning transmission electron microscopy (STEM) measurements confirms the rhombohedral structural phase in both materials, with greater than 95% purity. The growth method and characterization are given in Section S1 of the Supplementary Material (SM). Figure 1 (a) illustrates a schematic sideview of the layer stacking in the Mn(Bi, Sb) 2 Te 4 family. Micrometer-sized flakes are exfoliated from selected crystals and transferred using a polypropylene carbonate stamp to pre-patterned electrodes inside a glovebox filled with argon gas. The finished device is covered with a droplet of Poly(Methyl MethAcrylate) before transferred to a pumped 4 He cryostat. Figure 1(b) shows an optical image of a typical Hall bar device. Flakes of similar color tone measure 100-300 nm in thickness in an atomic force microscope. Transport measurements are performed in a pumped 4 He cryostat with a magnetic field up to 9 T using standard low-frequency techniques. Magnetometry measurements are performed in a SQUID magnetometer from 2-300 K. Single crystal elastic neutron scattering measurements are performed using the BT-4 and BT-7 triple axis spectrometers (TAS) at the NIST Center for Neutron Research (NCNR). Instrumentation details of the neutron studies can be found in Section S5 of Ref. [30] . Measurements were taken at a series of fixed temperatures ranging from 2 to 60 K. Traces plotted here represent the typical behavior in different temperature ranges. As the T = 60 K trace shows, R xy (H) is a straight line from −9 T to 9 T at high temperatures. An anomalous Hall effect starts to develop at T < 46 K, where the slope dR xy /dH taken at R xy = 0 (illustrated by a green dashed line for the T = 2 K upsweep trace) becomes larger than the slope taken at high field (a gray dashed line in the inset). The difference of the two originates from a non-zero magnetization (M) of the sample since R xy (H) = R 0 H + R s M [36] . At sufficiently high field where M saturates, the slope dR xy /dH yields the normal Hall coefficient R 0 = 1/ne. R 0 follows a cos θ dependence as the external field tilts away from the c-axis of the crystal (Fig. S3 ), which confirms the two-dimensional nature of the mobile carriers and yields a hole density of n h = 6.3×10 15 /cm 2 . This translates to a hole doping of ~ 10 13 /cm 2 per septuple layer and puts the Fermi level in the bulk valence band of MnSb 1.8 Bi 0.2 Te 4 [31] . R 0 is approximately T-independent, as demonstrated in Fig. S3 of the SM. In contrast, the slope dR xy /dH taken at R xy = 0, called the zero-field slope from now on, increases rapidly with decreasing temperature and reaches a broad maximum around 12−20 K. Its T-dependence is plotted and discussed in Fig. 2 (a) below.
In addition to the anomalous Hall effect, R xy (H) becomes hysteretic at temperatures below ~ 25 K. Data at 2 K and 15 K are plotted to show the two different shapes of the hysteresis loop. Hysteresis is also observed in bulk magnetization measurements of the parent MnSb 1.8 Bi 0.2 Te 4 crystal. Figure 1 Fig. 1(d) ). Both the coercive field H c and the remnant R xy at H = 0 decrease with increasing temperature and vanish at T > 23 K (see Fig.  S4 of the supplementary material).
The above observations are strong evidence of a ferromagnet, in stark contrast to the AFM ground state found in previous studies of the Mn(Bi, Sb) 2 Te 4 family [21, 23, 30, 31] . In fact, some of our Mn(Bi, Sb) 2 Te 4 samples exhibit the above FM characteristics while others show behaviors similar to the AFM phase reported in Ref. [31] for Sb-rich compositions, despite that all crystals are synthesized via nominally the same growth recipe. The only possible variation in growth condition between the different batches is the quenching temperature and the cooling rate during the quenching process (See Section S1 of the SM for more details). This implies that the FM phase is metastable. Indeed, first principles calculations show that the FM phase competes closely with the AFM phase in the end compound MnSb 2 Te 4 [31, 33] . Identifying the precise synthesis conditions that lead to FM order in a wide range of alloy compositions will be an important goal of future studies. In this work, we focus on the properties of MnSb 1.8 Bi 0.2 Te 4 samples that display the FM characteristics.
To further explore their magnetic properties, we plot in Figs. 2(a) and 2(b) the T-dependent magnetic susceptibility χ(T), extracted from the zero-field slope of the Hall resistance dR xy /dH and DC magnetometry measurements respectively. In a magnetic system, the zero-field slope dR xy /dH includes the contribution from the out-of-plane magnetic susceptibility χ = dM/dH. In Fig. 2 (a), dR xy /dH ascends rapidly at T ~ 25 K, reaches a maximum value of 11 Ω/T around 12 -20 K, which is more than 100 times larger than the normal Hall coefficient R 0 = 0.1 Ω/T of this device, before dropping again at lower temperatures. In another word, the zero-field dR xy /dH is dominated by the magnetic response of the system and effectively measures the χ(T) of the microscope device. The magnetometry studies conducted on bulk crystals tell a similar story. Figure 2 (b) plots the temperature-dependent linear susceptibility M/H(T) obtained under both zero-field-cooling (ZFC) and several field-cooling (FC) conditions using several different fields as labeled in the plot. The 50 Oe ZFC data (solid black line) strongly resemble the zero-field dR xy /dH shown in Fig. 2 (a), suggesting that our samples behave homogeneously from the m to the mm length scale. Both support the onset of a FM order at a Curie temperature of T c ~ 26 K. At T < 12 K, both the dR xy /dH and the low-field ZFC M/H data show a pronounced drop that deviates from a conventional FM. More complex magnetic phases may emerge in this temperature range [34, [37] [38] [39] . We aim to understand its nature with additional measurements and analyses [40] .
Neutron scattering measurements provide strong evidence supporting an FM order in MnSb 1 Fig. 2 (a) the zero-field dR xy /dH data we obtained on a MnSb 2 Te 4 device (solid blue squares). It is consistent with an AFM phase with T N ~ 19.5 K, and is in excellent agreement with previous susceptibility measurements of this material [31] .
The sensitivity of R xy to the magnitude of M enables us to determine the saturation field H s in MnSb 1.8 Bi 0.2 Te 4 and construct a H s -T phase diagram. To do this we first determine the anomalous Hall signal ΔR xy (H) = R xy (H) − R 0 H for the device shown in Fig. 1(b) . The results at several temperatures are shown in Fig. 1(e) . The saturation field H s is defined as the field at which the extension of the zero-field slope reaches the saturated value of ΔR xy , as illustrated by the green dashed lines for the T = 30 K trace. dR/dT > 0. As T approaches T C , strong spin fluctuations lead to a slightly insulating T-dependence, i.e. dR/dT < 0, similar to the situation in MnBi 2 Te 4 [30] . A positive dR/dT is found again when the moments align spontaneously or under a sufficiently large external field, likely due to the reduction of magnetic scatterings that involve a spin-flip/flop. The onset of another insulator-like regime at T < 12 K coincides with the drop of χ in Fig. 2(a) , the nature of which will be elucidated in future studies. Figure 3 (c) plots the normalized magnetoresistance (MR) of a MnSb 1.8 Bi 0.2 Te 4 device at selected temperatures. In MnSb 1.8 Bi 0.2 Te 4 , MR is always negative. Its magnitude increases with decreasing temperature and becomes hysteretic with the onset of the FM order. Alignment of all moments in an external field results in a large reduction of nearly 20% at low temperature. Comparing to similar measurements on MnSb 2 Te 4 and MnBi 2 Te 4 (Figs. S5 and S6 of the SM), we see that electrical transport in Sb-rich compositions are much more influenced by the magnetic order, likely because the Mn orbitals are located in the valence band and couple more closely to the hole carriers in MnSb 1.8 Bi 0.2 Te 4 and MnSb 2 Te 4 [31, 33] .
Finally, we report on the appearance of an excess anomalous Hall signal in MnSb 1.8 Bi 0.2 Te 4 that is beyond the conventional AHE. This signal concentrates in the circled areas in the ΔR xy (H) plot shown in Fig. 1(c) . Following the literature [11, 13, 14] , we fit the conventional AHE component A with a Langevin function (blue dashed line in Fig. 4(a) ) and use T to denote the excess signal (green shaded area). Its appearance raises intriguing possibilities. The excess signal resembles the topological Hall effect (THE) discussed in the literature, which is commonly associated with excess Berry curvature caused by spin chirality generated by the Dzyaloshinskii-Moria interaction (DMI) [4] [5] [6] [7] [8] [9] . In the bulk, the presence of a DMI term requires a noncentrosymmetric structure, a condition not met in an ideal Mn(Sb,Bi) 2 Te 4 crystal. DMI can also occur at heterointerfaces combining magnetism and strong spin orbit coupling [10] [11] [12] . An inhomogeneous magnetization in our sample could inadvertently produce internal FM/TI interfaces that may host DMI interactions. Frustrated magnetic phases can offer alternative routes of generating non-collinear magnetic texture and unusual AHE [41] . Studies aimed to identify the low-temperature magnetic order and structural symmetry of our MnSb 1.8 Bi 0.2 Te 4 sample can further elucidate the origin of the excess AHE signal.
In summary, we combine electrical transport, bulk magnetometry and neutron diffraction studies to show evidence of a ferromagnetic ground state with a Curie temperature of 26 K in MnSb 1.8 Bi 0.2 Te 4 . Our work is an encouraging step towards realizing a ferromagnetic topological insulator. Its vdW geometry opens up possibilities of forming heterostructures and gating tuning. Studies that illuminate the synthesis conditions of different magnetic phases in the Mn(Sb, Bi) 2 Te 4 family will greatly facilitate future explorations of their topological and magnetic properties. Stacking faults are observed in MnSb2Te4 (Fig. S2 (b) ) but not in MnSb1.8Bi0.2Te4 (Fig. S2(a) ). Considerable anti-site defects are present in both compositions. Their potential contribution to the magnetic ground state of the compounds requires more in-depth structural analysis to clarify.
3 Fig. S1 . X-ray diffraction pattern (XRD) of MnSb1.8Bi0.2Te4 (magenta) and MnSb2Te4 (blue) bulk single crystals showing a series of sharp (00L) peaks. They match well with the ICDD data base PDF card 04-020-8214 for MnSb1.8Bi0.2Te4 and card 04-020-8214 for MnSb2Te4, demonstrating excellent crystallinity. 
Section 2: The normal Hall effect and carrier density in MnSb1.8Bi0.2Te4 and MnSb2Te4
As the inset to Fig. 1(c) shows, we determine the carrier density in our multi-layer devices using the slope of the Hall resistance R0 = dRxy/dH near H = 8 T. The results are presented in Fig. S3(a) for a MnSb1.8Bi0.2Te4 and a MnSb2Te4 device as a function of temperature. The carrier doping is p-type in both materials and is roughly independent of temperature in the range we probed. From these measurements, we estimate a hole density of a few × 10 13 /cm 2 /septuple layer. This means the Fermi level is in the bulk valence band of the materials. Though many layers are present in our devices, the linear dependence of R0 on cos θ given in Fig.   S3 (b) shows that the electronic transport of the carriers are two dimensional in nature. shows, the saturation field is 0.42 T in MnSb2Te4, compared to 0.04 T in MnSb1.8 Bi0.2Te4 ( Fig. 3 ) and more than 7 T in MnBi2Te4 (Fig. S6 ). The two orders of magnitude variation in Hs point to very different magnetic order in these three materials.
Section 5. Temperature-dependent transport and magneto-transport in MnBi2Te4
In this section, we provide in comparison data obtained on our MnBi2Te4 devices exfoliated from crystals grown in Ref. [1] . Our data are in very good agreement with results obtained by other groups on this material [1] [2] [3] . A cusp is visible in the black, red and green traces when the system is in an AFM or canted AFM phase.
It disappears after the moments are aligned with the external field. (d) plots the phase diagram extracted
